Abstract-Substrate topography influences cell shape, direction and rate of migration, nucleus shape, and gene expression levels. This influence is commonly studied using substrates with predefined surface structure and chemical composition. In the current work, we studied the state of HaCaT keratinocyte nuclei and actin cytoskeleton on poly(ε-caprolactone) scaffolds obtained by electrospinning. Two types of fibrous scaffolds were prepared and characterized. In the random scaffolds, the fibers were arranged in a nonsystematic fashion; however, most of the fibers had the same direction in the aligned scaffolds. When cultured on the aligned scaffolds, HaCaT cells exhibited oriented actin filaments and had more elongated nuclei.
INTRODUCTION
The shape and size of the cell nucleus depend on many factors, and variations of these parameters reflect complex physiological processes [1] . The relationship between mechanical forces in the cell (firstly, acting on cytoskeleton filaments) and the state of the nucleus is a subject of intensive study [2, 3] . This relationship can be considered as an example of contact guidance, the phenomenon when eukaryotic cells adjust their orientation according to anisotropic surface topology. Contact guidance manifests itself through cell shape change; it regulates the direction and rate of migration [4] ; and influences spreading, survival, and proliferation [5, 6] , other processes [7] .
Contact guidance is commonly studied using substrates, which are obtained by using techniques of high precision lithography, for example, using methods of photo-and electron beam lithography, chemical and ion etching, etc. [8] . Scaffolds (polymeric substrates for cell culturing) fabricated by electrospinning are less common in contact guidance studies [9, 10] . Electrospinning is used to form films and tubes consisting of polymer fibers with diameters from 100 nm to 1 μm and the fibers can be located either in a random fashion or be aligned depending on the fabrication conditions. The interest in electrospinning is attributed to the possibilities of its application in tissue engineering and controlled drug delivery [11] . Electrospinning is used to create nanofibers from biocompatible polymers and allows the scientists to mimic the topography of the natural extracellular matrix to ensure optimal conditions for cells [12] .
In this work, scaffolds (films) consisting of a biocompatible polymer poly(ε-caprolactone) (PCL) having different fiber orientation have been created by electrospinning. Using HaCaT human keratinocytes grown on these scaffolds as an example, it has been shown that the orientation of PCL fibers influences the shape of the nuclei.
MATERIALS AND METHODS
Electrospinning. Scaffolds were electrospun from a solution of poly(ε-caprolactone) (LACTEL, United States) dissolved to a concentration of 100 mg/mL in 1,1,1,3,3,3-hexafluoroisopropanol (P&M-Invest, Russia) using the Nanofiber Electrospinning Unit apparatus (China). Fibers were deposited onto a collector to form 50-150 μm thick scaffolds. A metal plate collector was used to obtain random scaffolds (consisting of fibers arranged in a random fashion) and two parallel blades were used to fabricate aligned scaffolds (composed of fibers mainly arranged along one line). The distance and voltage between the syringe needle and the collector in both cases were 30 cm and 30 kV, respectively. Polymer solution was supplied using a syringe pump at a rate of 1 mL/h. Electron microscopy. Fragments of films with the size of ~5 x 5 mm were studied using a Hitachi TM3000 scanning electron microscope (Hitachi, Japan). The samples were fixed on double-sided tape and covered with a thin layer of metal (gold palladium alloy) to prevent charging. The study was conducted at an accelerating voltage of 15 kV. Images were analyzed using Fiji software with DiameterJ and OrientationJ plugins [13, 14] .
Cell cultivation. Immortalized the HaCaT human keratinocytes obtained from the Cell Culture Collection of the Institute of Cytology, Russian Academy of Sciences, were cultivated on the surface of plastic Petri dishes in complete growth medium (DMEM (Paneco, Russia) with 10% fetal bovine serum (HyClone, United States), 4 mM L-glutamine (Paneco, Russia), and gentamicin (53 μg/mL, Borisov Plant of Medical Preparations, Belarus). The medium was replaced daily. During passaging, the medium was poured off, and the cells were washed with Versene solution (Paneco, Russia) 2-3 times to remove traces of serum; a mixture of trypsin and EDTA solutions (0.25% trypsin, 0.53 mmol EDTA, Paneco, Russia) was added and the cells were placed in an incubator for 5 min. Cells that have lost contact with the plastic surface were collected using an automatic pipette and placed in a tube with a drop of serum to neutralize trypsin and centrifuged for 7 min at 1000 rpm. The supernatant was poured off; the cells were resuspended in complete growth medium and passaged to new dishes.
Confocal microscopy. The day before the experiment, scaffolds were cut into squares of 1 × 1 cm and placed in wells of a 4-well plate, which were filled with complete growth medium. The cells were collected from the surface of Petri dishes with Versene solution and a mixture of trypsin and EDTA solutions as described above and the cell concentration in suspension was then measured using the Scepter 2.0 automated cell counter (Millipore, United States). The cells at a concentration of 150 000 cells per well were seeded on preliminary prepared scaffolds. To increase the likelihood of cell attachment to scaffolds, well plates with low adhesive surface were used in the experiments. The cells were cultured for 24 h.
After cultivation, the cells were stained with Hoechst 33258, propidium iodide, and Calcein AM fluorescent dyes (ThermoFisher Scientific, United States) to identify living and dead cells in the culture. To assess the state of the cytoskeleton of cells grown on the scaffolds, the cells were stained for actin using ActinRed 555 fluorescent dye (ThermoFisher Scientific, United States) according to the manufacturer's recommendations. After staining, the scaffolds with cells were washed with fresh medium, placed between glass slides, and examined using a Fluoview FV10i confocal microscope (Olympus, Japan). The images were analyzed using the Fiji software.
The results were statistically processed using the Origin 8.6.1 software (OriginLab). To compare distributions, the Mann-Whitney test was used.
RESULTS AND DISCUSSION
The morphology of PCL scaffolds was studied by scanning electron microscopy (Figs. 1a, 1b) . Random scaffolds were characterized by a bimodal distribution of fiber size (Fig. 1c) : scaffolds consist of fibers of two typical diameters (300 ± 100 nm and 1.0 ± 0.2 μm). A similar bimodal distribution was observed in polyethylene oxide fibers electrospun from aqueous solution [15] . It is suggested that it may be due to the intense splitting of the primary jet of a polymer solution into the multiple subjets. In aligned scaffolds, the fibers distribution by diameters (Fig. 2c ) has a single peak distribution around the average value of 600 nm. The difference in the diameters can influence adhesion and proliferation of cells, but it has hardly any effect on contact guidance [16] .
To evaluate the direction of the fibers, the OrientationJ plugin [14] of the Fiji software was used. The fiber backbone was first identified on the image to separate the fibers from the background. Neighborhood of a certain size was selected around each pixel of the fiber (in this case, with a diameter of 3 pixels). Gradient direction, i.e., the direction along maximum intensity change, was computed over the given neighborhood. The direction perpendicular to the gradient direction, i.e., gradient direction along minimum intensity change, was also estimated. This direction referred to as local orientation is close to fiber direction. Thus, the direction was ascribed to individual pixels on the image rather than the fibers. Local orientation (the characteristic of fiber direction) is the angle between the fiber and the vertical line of the image frame and was measured in degrees. The distribution of local orientation values is presented in Fig. 1d .
In a random scaffold, fibers are arranged in a nonsystemic fashion, i.e., at random angles to each other. Therefore, the distribution of local orientations has no peaks and all directions are equally probable. In contrast, in an aligned scaffold, fibers mostly have the same direction and form similar angles with the sides of the image and form a local orientation distribution consisting of a single peak.
HaCaT human keratinocytes were grown on these scaffolds. After cultivation for 24 h, the cells remained alive both on aligned and random scaffolds, as evidenced by positive staining with Calcein AM and negative staining with propidium iodide. Only single cells died, the ones that did not spread on the scaffold, and retained spherical shape typical of cells in suspension. According to the data obtained by laser confocal microscopy, cells grown on aligned scaffolds change their shape and elongate along fibers. Figures 2a and  2b show that actin filaments of cells grown on an aligned scaffold are arranged along the same direction. The actin cytoskeleton plays a major role in contact guidance: it transmits mechanical forces into the cell.
In this case, the fiber direction of a scaffold where cells are cultured influences the shape of the cell nucleus (Figs. 2c, 2d) . For a quantitative description of this phenomenon, the optical slice was selected for each cell where the nucleus has the largest area and distinct edges. An image of the nucleus was approximated by an ellipse using the Fiji software and the ratio of the major axis of the ellipse to the minor axis that corresponds to the ratio of the largest nucleus size to the smallest nucleus size (hereafter "nuclear aspect ratio") was computed. These ratios were estimated for 230 nuclei of cells grown on aligned scaffolds and for the same amount on random scaffolds. Two sets of numbers were generated; Fig. 2e shows the corresponding histograms. The cell nuclei are usually not perfectly round; therefore, for cells grown on a random scaffold, the maximum of distribution corresponds to the nuclear aspect ratio, which is 1.4. For cells grown on an aligned matrix, the distribution is wider and shifts to the right with a maximum of 1.5; in addition, the proportion of values larger than 1.6 dramatically increases. In nonparametric MannWhitney test, these distributions are significantly different (p < 0.0001), i.e., the cell nuclei on aligned scaffolds are significantly deformed.
The shape of the cells is associated with cytoskeleton organization and chromatin compaction and influences cell division and growth, gene expression, and development of apoptosis [3] . According to the data obtained by confocal microscopy, the cells elongated along fibers on the surface of aligned PCL films, and the change of shape was accompanied by the deformation of the nucleus. Qualitatively, this effect can be attributed to the change in distribution of forces that act on the cytoskeleton. Cytoskeleton filaments anchored by linkers with the transmembrane proteins interact with the extracellular matrix and transmit mechanical forces acting on the surface into the cytoplasm and to the nucleus. Actin filaments are linked with integrins through molecular bridges of actinbinding proteins, such as talin, tensin, vinculin, paxillin, etc. Specialized proteins, for example, catenins are responsible for connecting cytoskeleton filaments to cadherins. These protein systems provide a mechanical coupling of cytoskeleton filaments with the extracellular matrix [17] .
Mechanical interaction between cytoskeleton filaments and the nucleus is also ensured by special proteins that are necessary for migration and positioning of the nucleus in a cell [18] . The most important of these is the LINC complex (Linker of Nucleoskeleton and Cytoskeleton), the linker of the nuclear matrix and cytoskeleton. It transmits mechanical forces to the nucleus, which may cause nuclear deformation, influences transport through the nuclear membrane, and induces reorganization of the nuclear matrix and chromatin [17] . The LINC complex includes proteins of the nesprin family, SUN1, SUN2, and lamina proteins. Nesprins are localized on the outer nuclear membrane and are the first point of contact between the nucleus and the cytoskeleton. Nesprin-1 and nesprin-2 bind directly with actin, and nesprin-4 binds to microtubules via the motor protein kinesin-1. Nesprin-3, through the cytolinker plectin, connects the nuclear membrane with intermediate filaments.
Plectin not only connects intermediate filaments to each other and with the nuclear membrane but also with the actin cytoskeleton and integrated receptors. It was shown for keratinocytes that the loss of plectin leads to nuclear deformation due to disruption of the keratin intermediate filament cytoskeleton [19] . We selected keratinocytes for this study, since cultured keratinocytes have high proliferative activity and are a convenient model to study mechanical signal trans- Nuclei deformation in eukaryotic cells grown on a PCL scaffold was previously observed in experiments with primary cultures of mesenchymal stem cells and fibrochondrocytes [10, 20] . Our study differs in that we cultured cells directly on a PCL without modifying its surface to improve adhesion. The effects of contact guidance should have been weaker than on modified PCL [9] . Nevertheless, nuclei deformation was observed, i.e., nonmodified surface of fibrous PCL scaffold is also suitable for studying contact guidance.
Thus, we have shown that nuclei deformation is observed in HaCaT cells grown on an aligned scaffold. On an isotropic scaffold, the nuclei are also elongated (their projections are ovals, not circles), but their deformation is less evident. Qualitative models explaining this phenomenon have been proposed to describe cells on micropillar substrates [21] [22] [23] .
According to the first model, during cell spreading on a substrate, cytoskeleton filaments stretch and those that pass above the nucleus push the nucleus down to the micropillar substrate. According to the second model, the force pulling the nucleus down to the substrate occurs through actin filaments that anchor at the membrane by one end and at the nucleus by the other end. According to the third model, the nucleus shape is regulated by a dome-like actin cap that covers the top of the nucleus. However, either the detailed mechanism of nuclear deformation caused by the substrate topography or its physiological significance has not yet been described. If further experiments will establish the changes in gene expression levels caused by substrate topography, this knowledge can be used for targeted cell differentiation and modeling of pathological processes.
